Tunneling-based carrier regeneration in cascaded GaN light emitting diodes to overcome efficiency droop In this work, we demonstrate visible wavelength transparent GaN/GdN/GaN tunnel junction interconnects to cascade multiple p-n junctions with low resistance (5.7 Â 10 À4 X Â cm 2 ). We model a device structure using cascaded light emitting diodes (LEDs) with tunnel junction-based carrier regeneration to create high-power LEDs operating at low current density. Experimental LED characteristics are used to model the use of these low resistance tunnel junctions in cascaded multiple active region LEDs that can effectively provide high power by operating under low current and high forward voltage. The adoption of cascaded LED structures can enable high power LEDs while maintaining high efficiency. The III-nitride material system has exceptional potential for semiconductor emitters, detectors, and photovoltaics due to the large range of direct band gaps available in this material system, and has already been commercialized for violet, blue, green, white light emitting diodes (LEDs) and laser diodes (LDs). [1] [2] [3] [4] [5] The maximum external efficiency (EQE) has reached 70% at 410 nm emission, 6 which exceeds traditional forms of lighting such as incandescent or compact fluorescent, making LED or solid state lighting very promising for future large-scale lighting applications. 7 For significant impact on worldwide lighting energy consumption, LEDs would need to be operated at very high output power density while maintaining high efficiency. 7 However, while the peak efficiency values are high, the efficiency of emitters decreases dramatically as the input power increases. This efficiency droop impacts the efficiency and affordability of solid state lighting, preventing large-scale adoption of LED lighting technology. The origin of efficiency droop is still being debated, and the phenomenon is attributed to various causes including Auger recombination processes, electron overflow, and inefficient hole injection and transport mechanisms. [8] [9] [10] [11] [12] [13] [14] While many elegant solutions have been proposed to overcome efficiency droop, [8] [9] [10] [11] [12] 14, 15 none has been completely successful until now, and it may be that the inherent properties of the III-nitride material system will preclude complete elimination of this effect.
The underlying cause of efficiency droop is that for higher operating power density, LEDs are driven at higher currents. In this paper, we suggest a solution to the efficiency droop problem by proposing cascaded structures where high optical output power can be obtained at low current density. We show that it is possible to cascade multiple p-n junctions using visible transparent tunnel junctions (TJs) with low resistance and negligible voltage drop. Based on performance parameters of current commercial LEDs, we show that the efficiency droop problem can be almost completely circumvented by using tunneling-based carrier regeneration in cascaded multiple active region LED structures. Higher luminous output power can be achieved by increasing the operating voltage, rather than the current, leading to unprecedented power density and efficiency for III-nitride LEDs.
To demonstrate the feasibility of cascading GaN emitters, we designed an experiment using multiple (1, 2, and 4) p-n junctions connected epitaxially in series ( Fig. 1 ) with recently demonstrated GdN-based visible transparent tunnel junctions. 16, 17 The top and bottom of this structure are both n-type since the tunnel junction eliminates the need for a top p-contact. The energy band diagrams of this structure at equilibrium and forward bias are shown in Figs. 2(a) and 2(b), respectively. As the p-n junction is forward biased, the tunnel junction gets reverse biased, electrons in the valence band of p þ GaN layer of the tunnel junction tunnel into empty states available in the n þ GaN layer, leaving behind a hole in the p þ GaN layer. These electrons and holes regenerated at p þ and n þ side of the tunnel junctions are injected into the active region which in this case is a p-n junction. In the case of a multi-quantum well active region LED, the injected hole and electron would recombine radiatively in the quantum wells.
The epitaxial structure ( Fig. 1 ) was grown by plasma assisted molecular beam epitaxy on free-standing n-type GaN substrates, and consisted of repeats (N ¼ 1, 2, and 4) of p-GaN/ n-GaN junction diodes, and pþGaN/GdN nano-island/nþGaN tunnel junctions. Further details of GdN tunnel junctions, and the growth dynamics of GdN nano-islands are discussed elsewhere. 16 The device was processed using contact lithography, mesa isolation was done using Cl 2 /BCl 3 etching, and ohmic contacts (to top and bottom n-type regions) were made using Al/Au. Electrical characteristics of 100 lm 2 diodes of the cascaded p-n junction stack (number of p-n junctions N ¼ 1, 2, and 4) are shown in Figs. 3(a) and 3(b) . The turn-on voltage of the cascaded device increased with the number of p-n junctions stacked epitaxially. All the structures showed rectifying behavior, although the device with 4 junctions does have higher leakage current. This effect needs further investigation, and optimization of the growth conditions is expected to mitigate these effects. The series resistance (estimated from the linear portion of the IV curve) was found to scale with N, and based on this, we estimate $5.7 Â 10 À4 X Â cm 2 resistivity for each tunnel junction (inset of Fig. 3(b) ). This resistance would result in relatively low voltage drop of 57 mV for a current density of 100 A/cm 2 . This report of cascaded III-nitride p-n junctions with low series resistance could enable several devices including multi-junction solar cells, photodetectors, and multiple active region LEDs.
Since our experiment demonstrates the feasibility of cascading active regions, we can use the measured results to model cascaded multiple active region LEDs. To estimate the efficiency of cascaded LED structures, we combine our estimates of tunneling resistance with the experimental data from the commercial LED published elsewhere so that nonidealities of the active region are taken into account. 18 The modeled reference LED emits at 470 nm and consists of a 1.02 mm 2 mesa area with ZnO layer as contact to p-GaN. 18 The differential series resistance (R s ) of the reported LED was $0.02 X Â cm 2 . 18 We fit the experimental data to the diode equation
which is modified for the case of "N" identical LEDs cascaded to
where "N" is total number of the cascaded junctions and "n" is the ideality factor of a single junction device. The series resistance of the tunnel junctions in the structure is taken into account in R s term. The tunnel junction resistance used for these calculations is the experimental value of R sðTJÞ ¼ 6:4 Â 10 À4 X cm 2 which was the highest measured resistance value for a single TJ in the cascaded p-n junctions discussed above. We note that lower series resistance would be achieved with further optimization of the tunnel junctions. The modeled I-V curves (Fig. 4(a) ) for the cascaded structure (N ¼ 5, 20, 50) behave as expected. The input voltage at turn-on increases as the number of junctions is increased.
The external quantum efficiency was modeled by curve fitting the experimental data using ABC model. 19 As shown in Fig. 5(b) , the model fit the measured data accurately. We note here that this model was used as an empirical fit, rather than to convey any physical information. Combining this data with the I-V characteristics of the reference LED, the wall plug efficiency (WPE) as a function of current for single and cascaded LEDs was obtained (Fig. 5(a) ). We can now estimate the output power, efficiency, and loss for cascaded LEDs including the active region and tunnel junction losses. In Fig. 5(a) , the output power characteristics as a function of input power for cascaded LEDs and the conventional LED are compared. The input power was calculated using I-V characteristics as shown in Fig. 4(a) . To estimate the optical output power, we assume that a structure with N cascaded stages has EQE N ¼ N Â EQE (single LED) . Although absorption loss via free-carriers and InGaN QW layers are expected to increase as "N" increases, these are ignored here. As expected, the conventional LED output power increases and saturates below 1 W under 10 W input power. At the same input power level, relatively lower currents and higher voltages are needed for the cascaded LED structures (Fig. 4(a) ). As the number of cascade regions is increased, the saturation is pushed out further, with negligible saturation in output power for the LEDs with N ¼ 20 and N ¼ 50 cases up to 3.5 W.
These results are more striking when shown as efficiency versus power curves (Figs. 5(b) and 5(c)). From these curves, it can be seen that for a cascaded structure with N stages, the maximum efficiency point occurs at approximately N times higher power than a single LED. This implies that the maximum device efficiency can be obtained at much higher drive powers even with an LED that exhibits significant droop. Under 10 W input power, modeled conventional LED shows 83% droop and this value decreases as N increases. For the LED with N ¼ 50, the droop is 14% at the same input power which is an enhancement of $420% in WPE compared to conventional case.
The cascaded LED structure not only provides an enhancement of EQE but also suppresses joule heating. The total power dissipated due to series resistance of an LED is P R ¼ I 2 x R S . For a given output power, R s / N and I / 1/N, and therefore, power dissipated is proportional to 1/N, which implies that increasing N enables high power operation of LEDs with higher efficiency while reducing overall heat generation. Resistive power dissipation as a function of input power is shown in Fig. 4(b) for the modeled reference and cascaded LEDs with N ¼ 5, 20, and 50 revealing suppression of Joule heating in cascaded LEDs by over an order of magnitude over single active region LEDs, at the same output power. This not only enhances efficiency but also can enable LED operation at elevated output power, and could eliminate thermal management issues.
While the proof of concept experiment and modeling for cascaded LEDs provides a solution to the long standing efficiency droop problem, there are some technological challenges that need to be overcome. First, GaN-based tunnel junctions based on MBE [22] [23] [24] and metalorganic chemical vapor deposition (MOCVD) growth 20, 21, 28 are still relatively less efficient than the results described here and reported previously using MBE growth. [24] [25] [26] [27] Another challenge is the activation of buried Mg-atoms (p-type dopant) in MOCVD/ MOVPE growth, 20, 21, 28 which has been addressed previously using sidewall activation. 29 Finally, re-absorption of photons for LEDs with a large number of active regions, and excessive heating due to un-extracted photons could both reduce the efficacy of these LEDs. Further work is required to address these challenges.
In conclusion, low resistance visible transparent GdN tunnel junctions can enable cascaded multiple GaN p-n junction diodes. I-V measurements showed the expected shift in diode turn on voltage as N increases up to 4 junctions. The average resistance of each tunnel junction was measured as 5.7 Â 10 À4 X Â cm 2 . We show that cascaded p-n junctions could circumvent efficiency droop of nitride LEDs through identical active regions with LEDs operating under high voltage rather than current. Our calculations show that maximum efficiency point can be pushed towards higher input power regime as N increases, and cascading LEDs decrease joule heating by operating at lower current regime. The use of tunnel junction cascaded LEDs could lead to unprecedented high 
